Balloon-stented angioplasty is a common treatment for carotid arterial atherosclerosis. Clinical studies have shown that within 6 months of the initial procedure, 25% of all stented-angioplasty patients develop restenosis, a postoperative narrowing of the artery due to plaque accumulation onto the stent. While hemodynamics, and more specifically low oscillatory wall-shear stress have been identified as key players in atherogenesis, their role in restenosis following stent implantation remains unclear. We hypothesize that the implantation of a stent generates hotspots on the arterial wall characterized by low wall shear stresses and low fluid velocities, which correlate with regions prone to restenosis. The objective of this study is to compare computationally the hemodynamics of healthy and stented carotid bifurcations using fluid-structure interaction (FSI) simulations in order to assess the potential contribution of hemodynamic stresses to postoperative stent angioplasty restenosis. We have developed three-dimensional models of healthy and stented human carotid bifurcations using the computer-assisted design software Pro-Engineer. Characteristic dimensions of these models were derived from previously published data. The stented model was designed by applying fixity to the interior wall of the healthy model in order to simulate the implantation of a stent. FSI simulations were performed in ANSYS to predict the hemodynamics of each model. Results demonstrate the existence of decreased wall shear stress regions in the stented model, in comparison to the healthy model, which may correlate with regions of restenosis. Future studies will further analyze the results of this investigation to pinpoint the potential hotspots for restenosis and compare these computational locations to actual in vivo clinical restenosis areas. The results of this study will provide insight into the mechanisms causing restenosis, and will provide critical information to the development of improved stent designs, which are hemodynamically resistant to restenosis.
Introduction
Atherosclerosis is the single largest cause of heart attack and stroke leading to more than 500,000 deaths/year in the United States [1] . Carotid artery occlusive diseases such as atherosclerosis, diagnosed as thickening and loss of elasticity of arterial walls due to the accumulation of atheroma deposits, are responsible for approximately 20-30% of all strokes [2] . The carotid bifurcation is a branch of the coronary artery that supplies the head and neck with oxygenated blood, with multiple branches (or bifurcations) that direct blood to various locations in the head and neck area. At the carotid bifurcation atherosclerotic plaque commonly accumulates causing arterial stenosis, or narrowing of the arterial diameter. A common treatment for carotid arterial stenosis is balloonstented angioplasty, a procedure in which the narrowed arterial wall is widened One typical explanation for restenosis is based on the hemodynamics of the artery, or the various dynamic forces generated by blood flow [3] . The majority of studies focus on the change in blood flow at major bifurcations such as T-junctions and daughter blood vessels at major bifurcations [4] . The pulsatile blood flow of a cardiac cycle exerts various mechanical forces on the vascular endothelium at these locations.
In particular, the forces predominately investigated as predominant inducers for Fig. 1 Angiograph illustrating restenosis prior to stented angioplasty. The green circle highlights the re-narrowed stented region [5] restenosis are the arterial wall shear stresses [6, 7] . These studies have shown that atherosclerosis/restenosis has a propensity to involve the outer edges of blood vessel bifurcations because of the slow blood flow rate and low wall shear stresses that occur in these areas. One study in particular found, through animal experiments, stimulation of an atherogenic phenotype in locations where significantly low hemodynamic wall shear stress occurred, in comparison to the average wall shear stresses [8] . Results like theses have lead to the creation of the low wall shear stress theory, where atherogenesis/restenosis is thought to occur in locations of the artery where wall shear stresses are lowest.
Stented carotid bifurcation studies to date have mostly focused on the qualitative descriptions of the flow using computational fluid dynamics (CFD).
These studies have been able to determine that in the implantation of an angioplasty stent decreased the flow velocity, the vessel shear stress, and the pressure gradient over the stented region of the model [9] [10] [11] [12] . Although this research has made significant strides in computationally simulating the affects of cardiovascular stents on carotid bifurcations, they do not offer information of the affects of implanted stents on the surrounding vessel tissue during a cardiovascular cycle. In such an experiment, the affects of the stent properties (such as modulus) on surrounding cardiac tissue can also be investigated with the use of fluid structure interaction (FSI) modeling. FSI has the capability of simulating both fluid and solid simultaneously by incorporating a dynamic surface, with the use of finite element analysis (FEA) in conjunction with CFD.
This approach can be used as a means of juxtaposing healthy and stented arteries to aid in the understanding of the role hemodynamics plays on restenosis.
This study will explore the wall shear stress profile associated with the implantation of an angioplasty stent in the carotid bifurcation, and is considered the initial step in the development of a FSI simulation of restenosis mechanics.
The results of this study will provide insight in the disease mechanism, as well as vital information necessary to reverse-engineer the next generation of coronary stents hemodynamically-resistant to restenosis [13] . Previous studies in restenosis have been limited to experimenting the affects of stent angioplasty on wall shear stresses in a rigid artery due the limitations of CFD modeling. This study will allow for an alternative analysis of the affects stent implantation has on wall shear stresses by implementing the deformation of the arterial wall in conjunction to the fluid dynamics of the blood. Future studies can implement various stent geometries, various stent materials and more realistic blood fluid model in to develop a more comprehensive FSI simulation for experimentation of restenosis-inducing wall shear stresses due to stent implantation.
Methods

Bifurcation geometric models
The geometries of the carotid bifurcation models (healthy and stented) were created in three-dimensions using Pro-Engineer (Parametric Technology Corp). As seen in Figure 2 , the models have one inlet (the common carotid artery) and two outlets (the internal and external carotid artery).
For this study the group experimented with the internal carotid artery, thus the external carotid artery was considered simply as an outlet for the models (physiological geometries are constant). The dimensions of the common, internal, and external carotid arteries vary from person to person, however, studies have been conducted to determine the extent of variation in the bifurcation [14] . The geometries for the healthy model were derived from a study by [15] . The arterial wall thickness of the models were constant and modeled to be 1 mm [16] . In order to design a stented model, a stent was "virtually" implanted into the healthy model. The stent was implemented at the bulb of the internal carotid artery, a location where plaque typically accumulates [17] . In order to successfully implement the stent into the model, the stented area of the model was fixed in the simulation model to minimic the superelastic material properties of commonly used Nitinol stents (Figure 2 -Right) [18, 19] .
This simplification was used due to the assumption that the stent is fixed to the lumen of the arterial wall, resulting in the portion of the stented arterial wall having the material properties of the stent (significantly higher elastic modulus in comparison to natural arterial wall properties). The models were imported and meshed in the commercial software ANSYS. The number of elements for the fluid and structural components for this investigation were chosen by the recommendation of the ANSYS program. The element densities were recommended to fit the unique geometries of the model.
FSI modeling approach
The goals of the models were to simulate pulsatile flow through the carotid bifurcation featuring deforming arterial walls. Since the motion of the arterial wall and blood flow through the bifurcation is unknown, each model had to incorporate a coupling that addresses a strong fluid-structure interaction between the blood flood and the arterial wall. The models were developed using the FSI module of ANSYS. This platform was chosen due to its ability to enable the implementation of a simple arbitrary Lagrangian-Eulerian (ALE) approach [20] .
With the application of the ALE equations, this experiment implemented moving grid meshes. This mesh method was chosen because the deformations in these models are small, thus avoiding any complications that might arise from the moving meshing.
Constitutive models
For this investigation, we assumed that blood as a Newtonian fluid, implying a linear shear stress-strain rate relationship (or constant viscosity) [21, 22] . With this assumption the Newtonian blood was determined to have a viscosity of 0.004 Ns/m 2 with a density of 1050 kg/m 3 [23, 24] . The description of the blood flow at the carotid bifurcation is an assumption made by various FSI studies. In this assumption, the flow of blood at the carotid bifurcation is considered to be laminar, incompressible, and pulsatile [11, 25, 26] . The arterial structures for the study were modeled as nearly incompressible, isotropic and linear elastic rigid body material properties. The material properties for the arterial wall were taken from previous clinical studies of healthy patients and were said to be have an elastic modulus of 771 kPa and a Poisson's ratio of 0.49 [27] .
Boundary and flow conditions
In order to model the blood flow through the carotid bifurcation, the boundary conditions were defined at the inlet and outlets. In order to apply a pulsatile flow through the FSI models, volumetric flow waveforms were applied to the outlets (the internal and external carotid arteries), while a pressure waveform was applied to the inlet (common carotid artery). These boundary conditions were applied in order to promote convergence of the CFD simulations. The boundary conditions for this study were derived from a previous study by Zhao et al. [28] and can be seen in Figure 3 .
Hemodynamic characterization
One of the first steps in this investigation was to define, qualitatively, the magnitudes necessary for wall shear stresses to induce restenosis. In order to accomplish this, this investigation compared the velocity magnitudes and wall shear stresses in the regions of interest (the stented region and downstream of the stent, respectively) at various time steps in order to determine the velocities and wall shear stresses (determined by the velocity vector plots and band plot results). A decreased wall shear stress illustrate the areas for restenosis/ atherogenesis in accordance to the low wall shear stress theory.
For this study, the time steps chosen were the beginning of the cardiac cycle, at peak systole, and at the end of the cycle. ANSYS was able to generate band plots for wall shear stress in its Post-Processing. The plot of shear stress uses a range of color to differentiate the wall shear stress magnitudes at different locations. From the defined colors for the maximum and minimum shear stress values allowed for analysis of the stress distributions for the locations of interest An interesting observation can be seen in the differences in the wall shear stresses between the healthy and stented models at each time step. At each time step, the wall shear stresses in the regions of interest for the stented model are decreased when compared to the healthy model. The most dramatic decrease in wall shear stress between the two models is noticed at peak systole. 
Discussion
In this study, we implemented a FSI modeling approach to characterize the flow, arterial dynamics and regional endothelial wall-shear stress in normal and stented carotid bifurcation anatomies. The main contributions of the paper are: (1) the use of FSI analysis for the modeling of the stented carotid bifurcation, (2) the qualification of the local wall-shear stress experienced in both the healthy and stented carotid bifurcations, and (3) and the demonstration of the dependence of the arterial hemodynamic stresses on the stented anatomy and restenosis.
Regardless of the arterial anatomy, the modeling of a healthy and stented carotid bifurcation has previously been successfully investigated with the use of computational fluid dynamics [9, 29, 30] . These studies have shown that the implantation of a stent into the carotid bifurcation influences the hemodynamics of the system. In particular, these studies have reported decreased fluid velocities and wall shear stresses in the stented region and down stream of the stented region [9, 29, 30] . A common conclusion mentioned in these studies is Previous CFD studies have shown that the decrease in arterial wall shear stresses in the stented carotid bifurcation were due to the increased cross sectional area attributed to stenting, thus lowering the blood flow velocity magnitude through and downstream of the region [31] . Due to the fact that in this present study the arterial geometry did not change, it could be concluded that the decreased wall shear stress may be attributed to the lack of deformation in the arterial wall, instead of the decrease in fluid velocity attributed to the increase cross-sectional lumen area. Further qualitative analysis of these results will allow for clearer, more definitive conclusions to be made.
In accordance to the low shear stress theory and the results of this investigation, this study may aid in understanding of the mechanism for restenosis. The low wall shear stress theory postulates that restenosis occurs in locations of the arterial wall where low wall shear stresses occur due to the potential damage caused on the endothelial lining cells [32] . The results of this study have shown that the implantation of the stent decreases the wall shear stresses downstream of the stented region, while also potentially decreasing the flow velocity (results deemed quantitatively inconclusive as stated previously).
Under the low wall shear stress theory and in conjunction with the results of this study, it can be concluded that the regions downstream of the stent would be potential locations for restenosis. In a long-term clinical study, restenosis down stream of the angioplasty stent occurred in 28% of the patients studied [33] . This clinical research supports the results and conclusions made from this computational study. Due to the computational problems in the stented model, wall shear stresses could not be determined, thus no conclusions on restenosis could be made.
As stated previously, it can be concluded that the use of FSI to model the hemodynamic affects stented-angioplasty has on the formation of restenosis is considered a rather novel study. The ability to simulate the deformation of the arterial structure in conjunction with the blood flow through the structure allows for a more physiologically accurate model of the carotid bifurcation in comparison to previous CFD models. With that said, this study is without experimental limitations due to simplifications made for computational-ease. Such limitations include: (1) the Newtonian blood material properties and (2) the neglected affects due to virtual implantation of stent.
The characterization of blood's material properties is considered a rather difficult task due to its' dynamic structure and flow through the human cardiovascular system, as well as the limitations of the current clinical measurement techniques [34] . Due to these clinical and physiological difficulties this current study, as well as previously investigated CFD investigations, investigated under the assumption that blood is a Newtonian fluid [21] [22] [23] [24] . This assumption allowed for the assignment of blood properties such as viscosity, Newtonian fluids are described to have a linear shear stress-strain rate relationship. Previous research has shown that blood does in fact act as a Newtonian fluid in large blood vessels such as the aorta; however, the characterization cannot be said for smaller blood vessels [35] . In the case of smaller blood vessels, blood does not respond with a linear shear stress-strain rate relationship due to is departure from Poiseuille Law in smaller blood vessels [35] . In smaller blood vessels, red blood cells experience wall friction creating a non-linear shear stress-strain relationship along the length of the artery. In a comprehensive study by Johnston et al [36] , the group concluded that no significant differences could be determined after applying Newtonian and nonNewtonian characteristics to blood. Although the assumption of blood as a Newtonian fluid may prove to be a rather impactful limitation for this study, future studies can investigate the potential affects a non-Newtonian blood fluid model may have on the results of this study.
Another limitation of this study was the virtual implantation of the angioplasty stent into the arterial models. The virtual implantation of the stent into the model allowed for a simplified stented model for simulation, avoiding any problems that may arise from attaching a cylindrical stent onto the structural component of the model. Implanting a cylindrical stent into the model would require careful attention to the attachment and placement of the stent onto the arterial structural due to the potential meshing difficulties that may arise.
Clinically, stents are typically designed with hooks that allow for firm attachment to the stenosed portion of the artery in order to prevent a condition called stentgraft migration, a condition where the hemodynamic forces cause movement of the stent device post-implantation [37] . Such design criteria proved difficult for this particular study, thus the study adopted the technique of virtual implantation used previously [8] . Although the concept of virtually implanting the angioplasty stent allow for simplifications in terms of attachment to the model, the mechanical affects the stent has on the hemodynamic results may have been altered. For instance, with the virtual implantation variables such as the stent geometries were neglected. The stent strut geometries have been shown to influence the hemodynamics and wall shear stresses on the arterial wall and may play a role in the formation of restenosis [38] . Although this study neglected such variables, the implantation of a stent can be accomplished in future studies in order to determine the affects the stent geometries have on the hemodynamics of the stented carotid bifurcation. clinical trials [13, 39] .
The main contribution of the present study is the characterization of the local wall-shear stresses of a stented carotid bifurcation and its affects on restenosis with the use of FSI analysis. The application of FSI analysis for this particular anatomy has not been previously investigation, thus the results of this study can be considered as groundbreaking for future investigations. The results of this study, and consequential future studies, can provide insight into the mechanisms causing restenosis, and will provide critical information to the development of improved stent designs, which are hemodynamically resistant to restenosis.
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